The dental casting properties of the Ti-15Zr-4Nb-4Ta alloy were compared with those of commercial pure Ti grade 2 and Ti-6Al-V alloy. Ti-15Zr-4Nb-4Ta dental castings were also surface-coated by TiN ion plating. Metal plates for complete and partial dentures, crowns and bridges were experimentally fabricated using the Ti-15Zr-4Nb-4Ta alloy. The cast surface down to a depth of about 200 µm had a highhardness layer due to the reaction with the dental investment. Also, there was no sharp increase in the current density caused by the breakdown of the passive film starting from the layer that reacted with the dental investment. The 0.2% proof strength, ultimate tensile strength, total elongation and Young's modulus of the Ti-15Zr-4Nb-4Ta castings, which were chemically polished by acid treatment after sandblasting, were 761 ± 33 MPa, 970 ± 31 MPa, 6 ± 4% and 90 ± 2 GPa, respectively. The micro-Vickers hardness of the TiN coated-surface was 740. The effect of TiN surface coating on the mechanical properties of the Ti-15Zr-4Nb-4Ta castings was negligible. The Ti-15Zr-4Nb-4Ta alloy exhibited a lower release of metal ions into the artificial saliva and 1% lactic acid solution than the Ti-6Al-4V alloy, and the quantity of metal ions released was less than 20% of that of titanium ions released from the Ti-6Al-4V alloy. The quantities of the titanium, zirconium and niobium ions released from TiN-coated Ti-15Zr-4Nb-4Ta casting into the artificial saliva were smaller than those released from the Ti-15Zr-4Nb-4Ta casting that was only chemically polished. Metal plates for complete and partial dentures, crowns and bridges were successfully fabricated using the Ti-15Zr-4Nb-4Ta alloy. A TiN-coated partial denture was also successfully fabricated using this alloy. The Ti-15Zr-4Nb-4Ta alloy with its excellent corrosion resistance and mechanical properties is expected to be used for dental prostheses in the future.
Introduction
Commercial pure titanium and titanium alloys are widely utilized as biomaterials because they have high corrosion resistance and biocompatibility. Advances in precision dental casting technology have made it possible to fabricate titanium prostheses. The demand for titanium prostheses is increasing particularly for patients requiring a hypoallergenic solution. The titanium utilized in such dental prostheses is mostly commercially available pure titanium. Since commercially available pure titanium lacks strength when it is used as metal plates for complete and partial dentures, crowns and bridges, the development of titanium alloys with high strength and ductility has been desired for such dental prostheses. Depending on their microstructure, titanium alloys are grouped into the α + β type of two-phase structure, the β type with a β phase, and the α type with an α phase, where the α phase consists of a hexagonal closed-package lattice, while the β type consists of a body-centered cubic lattice. The Ti-6Al-4V and Ti-6Al-7Nb alloys are typical α + β types.
If an alloy contains even a small amount of a toxic element, there is fear that trace amounts of the element may be released during prolonged use. It is desirable, therefore, that an alloy is composed of elements that do not adversely affect the human body. Originally used as an aircraft material, the Ti-6Al-4V alloy is now used as a dental materials. Since this alloy contains small amounts of vanadium, which has been shown to be cytotoxic at excess levels, there is concern over its effects on biological tissues. 1, 2) The effect of aluminum on cell viability depends on surface roughness, surface treatment, strength of the aluminum oxide film and the extraction condition of the aluminum particles.
3) It has been pointed out that aluminum is neurotoxic, but under the present circumstances there is no proven causal relationship between aluminum and Alzheimer's disease. Our research group has been developing an α + β type Ti-15Zr-4Nb-4Ta alloy that has higher biocompatibility than the Ti-6Al-4V alloy, contains elements that improve corrosion resistance, and has high strength and remarkable fatigue properties. [4] [5] [6] [7] [8] In this study, we examined the dental casting properties of the Ti-15Zr-4Nb-4Ta alloy, namely, the tensile properties at room temperature, micro-Vickers hardness, and corrosion resistance in artificial saliva and 1 mass% lactic acid solution, and experimentally fabricated metal plates of this alloy for complete and partial dentures, crowns and bridges. Additionally, the effect of surface coating by TiN ion plating on those properties was investigated.
Experimental Methods

Alloy specimens
Commercial pure Ti grade 2, Ti-6Al-4V, and Ti-15Zr-4Nb-4Ta alloys containing 0.2%Pd, 0.2%O and 0.05%N (hereafter called Ti-15Zr-4Nb-4Ta alloy) were melted by vacuum-arc melting. These titanium materials were recently established in the JIS (Japanese industrial standard) T 7401. Cast ingots were forged to rod specimens 45 mm in diameter by β forging and α − β forging. After forging, the oxidized surface layer formed during the forging was removed. Then rod specimens, 42 mm in diameter and 13 mm in thickness, for dental casting were cut from the sample alloys. The chemical compositions of these alloys are shown in Table 1 .
Dental casting
A suction-and-pressure type casting machine (manufactured by Wada Precision Dental Laboratories Co., Ltd) was used for dental casting. T-invest (GC Co., Ltd) was used for the dental investment. The phosphate-bounded Al 2 O 3 /LiAlSiO 6 investment was held at 750
• C for 1 h and further held at 1050
• C for 1 h under the conditions designated by the manufacturer. The rod specimens in the melting chamber were heated in an Ar atmosphere and arc-melted after vacuum deaeration. The melting time was 60 s. The melted specimens were cast into T-invest pre-heated to 150
• C. The argon pressure for dental casting was 0.2 MPa (2 kgf/cm 2 ). After dental casting, sprues were removed with a carbide bar, and then the specimens were sandblasted with white alundum. In some cases, the surfaces of the dental castings after sandblasting were also chemically polished by acid treatment with a mixture of nitric acid and hydrofluoric acid (HF : HNO 3 : H 2 O = 1 : 2 : 5).
Microstructure observation and micro-Vickers hardness tests
After etching the test specimens in HF : HNO 3 : H 2 O in the ratio of 15 : 20 : 65 containing 10%H 2 O 2 , the microstructures were observed using an optical microscope. To examine the reaction between the titanium and dental investments, micro-Vickers hardness was also measured at a load of 50 gf using sandblasted and chemical-polished castings 6 mm in diameter and 10 mm in thickness from the ingot surface to the inside.
Anodic polarization tests
To examine the effect of dental casting on the stability of the passive film, anodic polarization tests were performed in accordance with the JIS T 0302 method of testing corrosion resistance of biomaterials using anodic polarization tests. Six castings 18 mm in diameter and 10 mm in thickness were dental-cast. All of the six castings were polished by sandblasting, after which three of the castings were also chemically polished by acid treatment with a mixture of nitric acid and hydrofluoric acid. A hole (4 mm in diameter and 4 mm deep) was drilled in both the sandblasted-only specimens and in the additionally acid-treated specimens. One end of a lead wire was inserted into the hole and soldered in place. Each specimen surface, except for an area 2.3 cm 2 , was covered with epoxy resin. Thereafter, the specimen surface was polished with water-proof emery paper up to 600 grit under running water. The anodic polarization tests were conducted independently in artificial saliva (NaCl : 0.844 g, KCl : 1.2 g, CaCl 2 : 0.146 g, MgCl 2 : 0.052 g, K 2 PO 4 : 0.342 g in 1 L, pH = 5.7) and 1 mass% lactic acid solution (pH = 2.5). The test solutions were bubbled with high-purity nitrogen gas at a rate of 200 cm 3 /min for 15 min. A counter platinum electrode and a saturated calomel electrode (SCE) as a reference electrode were used. Each specimen was initially held at −1.0 V for 5 min. The anodic polarization test was carried out from −1.0 V to 5 V at a sweep rate of 40 mV/min with a small amount of high-purity nitrogen gas flowing over the solution surface. Anodic polarization was measured 2 or 3 times while excluding electric noise as much as possible.
Tensile tests at room temperature
As shown in Fig. 1 , test specimens 1 to 3 mm in diameter and 12 mm in gauge length were dental-cast. After the dental casting, sprues were removed with a carbide bar. The surface layer of each specimen was then removed by sandblasting with white alundum. After the sandblasting, some castings were chemically polished by acid treatment with a mixture of nitric acid and hydrofluoric acid. The tensile test was performed at a crosshead speed of 0.5 mm/min for each specimen casting (n = 10).
Titanium nitride (TiN) ion plating
To improve the aesthetic appearance of titanium prostheses, titanium nitride was surface-coated on the Ti-15Zr-4Nb-4Ta dental castings that were chemically polished by acid treatment with a mixture of nitric acid and hydrofluoric acid after sandblasting. A TiN ion plating machine of the hollow cathode discharge type was used. The pressure in the chamber for TiN ion plating was 0.013 Pa (10 −4 Torr). At first, a titanium film was formed on the surface of the chemical-polished Ti15Zr-4Nb-4Ta castings at a bias voltage of 95 V for 1 min. Thereafter, a TiN film was ion-plated on the titanium film at a bias voltage of 30 V for 8 min. The argon and nitrogen gas flow rates were 1 to 6. The thickness of the TiN film formed on the Ti-15Zr-4Nb-4Ta dental casting under these conditions was approximately 1 micron.
Immersion test
Immersion tests were conducted in artificial saliva and 1% lactic acid solution at 37
• C for 7 d in conformity with the JIS T 6115 standard for testing cobalt-chromium alloys for dental castings. Plate specimens were dental-cast and then sandblasted with white alundum. After the sandblasting, some of the castings were chemically polished by acid treatment with a mixture of nitric acid and hydrofluoric acid. Thereafter, each plate specimen 20 mm × 40 mm × 1 mm thick was ultrasonically cleaned in ethanol. The polypropylene bottles used for the immersion tests were first carefully cleaned with 5 vol% concentrated HNO 3 solution and ultrapure water (18.3 M ) to remove impurities and then sterilized in an autoclave. Only the 1 mass% lactic acid solution was sterilized with a 0.2 µm membrane filter. Each plate specimen was put into a polypropylene bottle, and then 50 mL of the solution was poured into the bottle. The polypropylene bottles were tightly sealed to maintain aseptic conditions. The polypropylene bottles were set in an isothermal water bath at 37
• C for 7 d. A solution without a metallic specimen was also kept under similar conditions and used as a blank test. The concentrations of titanium, aluminum, vanadium, zirconium, niobium, tantalum and palladium ions released into an aerated solution were measured using inductively coupled plasma-mass spectrometry (ICP-MS). The analytical solution was stored in a Falcon centrifugal container cleaned with 5 vol% concentrated HNO 3 solution and ultrapure water.
Perfluoro alkoxyl alkane (PFA) flasks were cleaned with pure water and filled with 5 vol% nitric acid solution and carefully plugged to exclude air. Each flask was emptied before use, and cleaned inside and outside with 5 vol% nitric acid solution and ultrapure water (18.3 M ). The micropipette tips used for sampling were cleaned by the same method. A Yokogawa Analytical Systems HP 4500 spectrometer with an autosampler (CETAC ASX 500) was used. The measurement conditions using the autosampler are shown in Table 2 . The isotopic mass numbers used to measure the metal concentrations were Ti : 49, Al : 27, V : 51, Zr : 90, Nb : 93 and Ta : 181 so as to minimize the influence of the matrix containing artificial saliva or 1% lactic acid solution. The single-element standard solutions (SPEX CertiPrep, Inc., 1000 µg/mL) were diluted and used as the Ti, Al, V, Zr, Nb and Ta standard solutions. Ultrahigh-purity nitric acid (TAMAPURE-AA-10) was used to prepare the measurement solutions. The internal standard solution was 1 µg/L cobalt. The working curves were established in concentrations of 5 points and above, and exhibited linearity with a correlation factor (r) = 0.9999 or above. All ICP-MS measurements were taken in a clean room (class 10000) and the measurement solutions were prepared in a clean bench (class 100). The analytical limits for the metallic elements under these conditions were all below 0.05 µg/L. The mass axis and intensity were adjusted with a tuning solution containing 10 µg/L Li, Y, Ce, and Tl. The quantities of each of the metal ions (µg/cm 2 ) released from the dental castings were estimated using the following formula: (amount of solution:50 mL)×[(metal ion concentrations in each test solution)−(mean metal ion concentration in blank test with three bottles)]/(surface area of specimen). The average and standard deviation of the quantities of released metal ions were calculated for five bottles.
Experimental fabrication of dental prostheses
Metal plates for complete and partial dentures, crowns and bridges were dental-cast using the Ti-15Zr-4Nb-4Ta alloy. After sandblasting with white alundum, the casting was chemically polished by acid treatment with nitric acid and hydrofluoric acid. A TiN-coated partial denture was also experimentally fabricated using the Ti-15Zr-4Nb-4Ta alloy. The final surfaces were finished by water-buff cleaning. Surfaces were inspected for internal defects, such as blowholes and cavities, using X-ray photography (tube voltage: 60 kV, tube current: 30 mA, irradiation time: 0.1 s).
Results and Discussion
Changes in micro-Vickers hardness
Figures 2(a) and (b) show the changes in micro-Vickers hardness measured from the surface to a depth of 500 µm for the sandblasted and chemical-polished commercial pure Ti grade 2, Ti-6Al-4V and Ti-15Zr-4Nb-4Ta dental castings. In all of the three sandblasted titanium dental castings, the cast surface down to a depth of about 200 µm had a highhardness layer due to the reaction with the dental investment as shown in Fig. 2(a) . The micro-Vickers hardness of the reaction layers for the Ti-6Al-4V and Ti-15Zr-4Nb-4Ta alloys decreased with almost the same tendency from the surface to the inside, and their values were higher than that of commercial pure Ti grade 2. We noted that this high hardness layer could be chemically polished to approximately 50 µm thickness by acid treatment with a mixture of nitric acid and hydrofluoric acid, as shown in Fig. 2(b) . The optical microstructures of the sandblasted and acid-treated Ti-15Zr-4Nb-4Ta dental castings are compared in Fig. 3. Figure 4 shows the anodic polarization curves for the sandblasted titanium dental castings containing a layer that had reacted with the dental investment in the surface of the specimen. There was no sharp increase in the current density caused by the breakdown of the passive film starting from the layer that reacted with the casting in the artificial saliva or 1% lactic acid solution. In the high-potential zone above 1.6 V vs. SCE, the current density was smaller in the Ti-15Zr-4Nb-4Ta alloy, followed by than in the commercial pure Ti, and then than in the Ti-6Al-4V alloy. The corrosion potential indicated by Ecorr in Fig. 4(b) showed a trend toward lower potentials in the artificial saliva than in the 1% lactic acid so- lution. Figure 5 shows a comparison of the anodic polarization curves for the sandblasted and the acid-treatment dental castings. The Ti-15Zr-4Nb-4Ta alloy chemically polished by acid treatment with nitric acid and hydrofluoric acid did not show any tendency of a rapid increase in current density, such as that typically caused by pitting corrosion, in the artificial saliva or 1% lactic acid solution. Figure 6 shows the changes in the mechanical properties of the Ti-15Zr-4Nb-4Ta dental castings as functions of parallel diameter. In the case of diameters less than 2 mm, the total elongation was lower because of the effects of the high hardness of the reactive layer. Table 3 shows a comparison of the mechanical properties (average and standard deviation values) of the sandblasted and acid-treated titanium dental castings with a diameter of 3 mm. The mechanical properties of the cobalt-chromium-molybdenum dental castings for metal plates, bars and clasps are established in the JIS T 6115 standard. The minimum values of 0.2% proof strength, ultimate tensile strength and total elongation for cobalt-chromiummolybdenum castings in this JIS standard are specified as 500 MPa, 685 MPa and 3%, respectively. Commercial pure Ti grade 2 lacks the necessary tensile strength, but the titanium Ti-15Zr-4Nb-4Ta dental castings. alloys meet these specifications. The dental casting properties of the Ti-6Al-7Nb alloy have been reported. 9) The 0.2% proof strength, ultimate tensile strength and total elongation of V-free Ti-6Al-7Nb dental casting were 817 ± 40 MPa, 933 ± 14 MPa and 7 ± 2%, respectively.
Anodic polarization curves
Mechanical properties at room temperature
Metal release
The quantities of each of the metal ions (µg/cm 2 ) released from the commercial pure Ti grade 2, Ti-6Al-4V and Ti- Fig. 4 Comparison of anodic polarization curves for dental castings in 1% lactic acid solution (a) and artificial saliva (b) at 37 • C. Fig. 5 Effect of acid treatment on anodic polarization curves for Ti-15Zr-4Nb-4Ta dental castings in 1 vol% lactic acid (a) and artificial saliva (b) solutions at 37 • C. Fig. 6 Effect of specimen diameter on 0.2% proof strength, ultimate tensile strength and total elongation of Ti-15Zr-4Nb-4Ta dental castings at room temperature. Fig. 7 Comparison of quantities of metal ions released from Commercial pure Ti grade 2 (a), Ti-6Al-4V (b), Ti-15Zr-4Nb-4Ta (c) dental castings into artificial saliva after one week.
15Zr-4Nb-4Ta dental castings into the artificial saliva or 1% lactic acid solution are compared in Figs. 7 and 8 . The quantity of metal ions released from Ti-15Zr-4Nb-4Ta castings shown on the Y-axis in Fig. 8(c) is 1/4 of that of titanium ions released from the commercial pure Ti grade 2 and Ti-6Al-4V castings. The quantities of titanium ions released from the three titanium castings into the artificial saliva were very small and much less than those released into the 1 mass% lactic acid solution which had lower pH values than the artificial saliva. The quantities of titanium ions released from Ti-6Al-4V into both the artificial saliva and 1% lactic acid solution were larger than that released from the commercial pure Ti grade 2 casting. Small amounts vanadium and aluminum ions released from the Ti-6Al-4V alloy were also observed. The quantities of the vanadium and aluminum ions released became smaller than those estimated using the quantity of titanium ions released and the ratio of chemical compositions. The quantities of titanium ions released from the Ti-15Zr-4Nb-4Ta alloy into both the artificial saliva and 1% lactic acid solution were much smaller than those released Fig. 10 Comparison of quantity of metal ions released from acid-treated and TiN-coated Ti-15Zr-4Nb-4Ta dental castings into artificial saliva after one week. Fig. 11 Comparison of quantities of metal ions released from acid-treated and TiN-coated Ti-15Zr-4Nb-4Ta dental castings into 1 mass% lactic acid solution after one week.
from the commercial pure Ti grade 2 and Ti-6Al-4V castings, and were less than 20% of that of titanium ions released from the Ti-6Al-4V alloy. The quantities of zirconium, niobium and tantalum ions released were also much smaller than the quantities of vanadium and aluminum ions released from the Ti-6Al-4V casting. It was clear that the total quantities of the titanium ions and other elements released from the Ti15Zr-4Nb-4Ta alloy were much smaller than those released from the Ti-6Al-4V casting. Figure 9 shows the changes in micro-Vickers hardness measured from the surface to a depth of 500 µm for the TiNcoated Ti-15Zr-4Nb-4Ta casting. The micro-Vickers hardness of the TiN-coated surface was 740, and it decreased from the surface to the inside of the reaction layers. The mechanical properties of the TiN-coated Ti-15Zr-4Nb-4Ta castings Fig. 12 Metal plates for complete denture, partial denture, crown and bridge made of Ti-15Zr-4Nb-4Ta alloy. (a) Metal plate for complete denture, (b) metal plate for partial denture, (c) partial denture, (d) radiograph of metal plate for partial denture, (e) TiN-coated partial denture, (f) crown and bridge.
Effect of TiN ion plating
are compared in Table 3 . The effect of the TiN ion coating on the mechanical properties was negligible. The effects of TiN ion coating on the release of metal ions from the TiN-coated Ti-15Zr-4Nb-4Ta casting into the artificial saliva or 1% lactic acid solution are compared in Figs. 10 and 11. The quantity of metal ions other than titanium ions released shown on the Y-axis in Fig. 11(b) is 1/20 of the titanium ions released shown on the Y-axis in Fig. 11(a) . It was found that the quantities of titanium, zirconium and niobium ions released into the artificial saliva from the TiN-coated Ti-15Zr-4Nb-4Ta casting were smaller than those released from the Ti-15Zr-4Nb-4Ta casting that was only acid treated. However, the release of titanium ions from the TiN coating layer increased in 1% lactic acid solution, as shown in Fig.  11(a) . Increase in the release of titanium ions may be related to the difference in pH of the solution.
Experimental fabrication of dental prostheses
Metal plates for complete and partial dentures, crowns and bridges were successfully fabricated using the Ti-15Zr-4Nb-4Ta alloy, as shown in Fig. 12 . No blowholes or cavities were observed by X-ray inspection of the castings, as shown in Fig.  12(d) . Although the X-ray analysis did not reveal any defective castings in the clasp, successful fatigue failure test results would be a more important issue. A TiN-coated partial denture was also experimentally fabricated using the Ti-15Zr-4Nb-4Ta alloy, as shown in Fig. 12(e) . The Co-Cr-Mo alloy has a specific gravity of 8.2, while the Ti-15Zr-4Nb-4Ta alloy has a smaller specific gravity of 5.0. Titanium alloys are thus advantageous for the fabrication of lightweight prostheses. Before a titanium alloy is clinically applied to crowns and bridges, it will be important to investigate its wear properties in a pseudo-dental environment.
Conclusions
To compare the dental casting properties of the Ti-15Zr-4Nb-4Ta alloy with those of commercial pure Ti grade 2 and Ti-6Al-V alloy, we examined the micro-Vickers hardness, tensile property at room temperature, metal release from titanium castings, and experimental fabrication of metal plates, crowns and bridges using this alloy. Ti-15Zr-4Nb-4Ta castDental Casting Properties of Ti-15Zr-4Nb-4Ta Alloy 3141 ings were also surface-coated by TiN ion plating. The following conclusions were drawn.
For all of the sandblasted titanium castings, the cast surface down to a depth of about 200 µm had a high-hardness layer due to the reaction with the dental investment. This high hardness layer was chemically polished to approximately 50 µm thickness by acid treatment with a mixture of nitric acid and hydrofluoric acid. There was no sharp increase in the current density caused by the breakdown of the passive film starting from the layer that reacted with the casting. The 0.2% proof strength, ultimate tensile strength and total elongation and Young's modulus of the acid-treated Ti-15Zr-4Nb-4Ta castings after sandblasting were 761±33 MPa, 970±31 MPa, 6±4% and 90±2 GPa, respectively. The micro-Vickers hardness of the TiN-coated surface was 740. However, the effect of surface coating on the mechanical properties was negligible.
The quantities of titanium ions released from the abovementioned three titanium castings into the artificial saliva were very small and much lower than those released into the 1 mass% lactic acid solution. In particular, the Ti-15Zr-4Nb-4Ta alloy exhibited a lower release of metal ions in the artificial saliva and 1% lactic acid solution than in the Ti-6Al-4V alloy, and the quantity of metal ions released was less than 20% of that of titanium ions released from the Ti-6Al-4V casting. The quantities of titanium, zirconium and niobium ions released into the artificial saliva from the TiN-coated Ti15Zr-4Nb-4Ta casting were smaller than those released from the Ti-15Zr-4Nb-4Ta casting that was only chemically polished.
Metal plates for complete and partial dentures, crowns and bridges were successfully fabricated with the Ti-15Zr-4Nb-4Ta alloy. A TiN-coated partial denture was also successfully fabricated using this alloy. The Ti-15Zr-4Nb-4Ta alloy with its excellent corrosion resistance and mechanical properties is expected to become the preferred new titanium alloy for dental prostheses in the future.
